A method to construct an accurate potential energy surface ͑PES͒ by interpolation for a three-body reaction which is suitable for quantum dynamics studies is presented using ClϩH 2˜H ClϩH as an example. Use of the exponential coordinates led to a significant improvement. Dynamics results, both classical and quantal, on the LEPS and LEPS-interpolated PESs were nearly indistinguishable. An accurate analytic PES can be constructed with the ab initio results also, as manifested with the PES contours. © 1999 American Institute of Physics. ͓S0021-9606͑99͒03433-9͔
Potential energy surface ͑PES͒ plays a crucial role in chemical reaction dynamics. [1] [2] [3] The traditional approach to represent the PESs for chemical reactions is to fit the ab initio potential energies at many configurations to an analytic function. A tremendous amount of computation is needed to obtain an accurate PES by this method. As an alternative, a semiempirical surface 1,2 is often constructed utilizing experimental and/or ab initio information at a relatively small number of points. Effort needed in this less rigorous and less accurate approach is still formidable. To circumvent the construction of an analytic PES, an ab initio direct dynamics method was proposed. 4 This requires the calculation of the gradient at many trajectory points, which is very timeconsuming also. 5, 6 Recently, Collins and co-workers 7, 8 have reported an algorithm to construct an analytic PES via interpolation of ab initio local potentials at various points. Even though the construction started initially with the points on the minimum energy path, the PES was upgraded using the classical trajectory results. Hence, in addition to the fact that a continuous analytic PES is available, a reliable representation of the PES at points substantially displaced from the minimum energy path is possible with this algorithm. Since the original reports by the earlier investigators, various modifications of the algorithm have been proposed. 9-14 These include a duallevel Shepard interpolation reported by Nguyen, Rossi, and Truhhar, 9 use of the reaction path weight, and the Z-matrixtype internal coordinate systems by Rhee, Lee, and Kim, 10 extension of the interpolation scheme to nonadiabatic system by K. Thompson A PES constructed by interpolation of ab initio results would resemble, in principle, the ab initio PES as far as sufficient number of local potentials are used. If the number of local potentials needed for an accurate representation of PES is excessively large, the interpolation scheme loses its merit. In the case of classical dynamics study of three-to five-body reactions, use of a few hundred of local potentials resulted in good convergence of dynamical results. Quantum dynamics study using the interpolated PES has not been reported yet. Hence, it is not known whether the interpolation scheme developed for and applied to classical dynamics is suitable for quantum dynamics also.
In this paper, we report an improved scheme to construct an interpolated PES for a bimolecular three-body reaction, which is accurate enough for quantum dynamics studies. Some modifications have been made to the original scheme, which improve the accuracies of the PES and the dynamical results obtained thereupon substantially. The three-body reaction ClϩH 2˜H ClϩH has been chosen as a test case. To demonstrate the accuracy of the present scheme, it is best to compare the dynamical results on the interpolated PES with those on the authentic PES from which the former is constructed. This means that the interpolated PES constructed with ab initio results is not useful for the test purpose because quantum dynamics calculation on an authentic ab initio PES is not possible. In this work, we have chosen the analytic LEPS potential reported previously [15] [16] [17] as the authentic PES and dynamical results on the LEPS and LEPSinterpolated PESs will be compared. Then, applicability of the present scheme to the ab initio results will be demona͒ Author to whom correspondence should be addressed; electronic mail: myungsoo@plaza.snu.ac.kr JOURNAL OF CHEMICAL PHYSICS VOLUME 111, NUMBER 9 1 SEPTEMBER 1999 3787 0021-9606/99/111(9)/3787/4/$15.00 © 1999 American Institute of Physics strated by comparing the ab initio energy contour with that of the ab initio-interpolated PES. Details of the procedure to construct PES by interpolation were reported previously. 10 The overall potential is expressed as the weighted sum of the local harmonic approximations (V i j (R)) of the potential energy functions at various points,
Here A i j is the single point weight, B i is the reaction path weight, and g ⌬ and H ⌬ are the gradient and hessian with respect to the coordinate system ⌬. Initially, we used the coordinate system consisting of three inverse interatomic distances following the previous schemes. [7] [8] [9] [10] [11] [12] [13] [14] In the first step for the construction of the interpolated PES, the local potentials at 40 points on the reaction path ͑intrinsic reaction coordinate, IRC͒ were used to construct the initial interpolated PES. This requires calculations of local potentials at 20 points considering the permutation symmetry of the system. The method based on classical trajectory calculations proposed previously 7, 8 was used to update the PES with the off-IRC local potentials. 20 trajectories were calculated, among which only the reactive ones were selected. Configurations on these trajectories were sampled periodically. Among these configurations, the most important one was selected as previously. 7, 10 Following Thompson and Martinez, 11 the potential energy at this point was calculated by the interpolated and authentic LEPS potentials. When the difference was larger than the target accuracy ͑0.2 kcal/mol in this work͒, the local potential at this point was evaluated and added to the initial set. Otherwise, this configuration was abandoned. Then, the process was repeated until the desired number of points were added. The initial condition for a trajectory run was sampled as follows: kinetic energy was selected randomly between 8.0 and 15.0 kcal/mol, the vibrational quantum number among vϭ0,1,2, and the rotational quantum number among Jϭ0 -9.
For a PES to be suitable for the dynamics study of a bimolecular reaction, not only the potential in the interaction region but also those in the asymptotic regions, namely the regions where reactants ͑or products͒ are far apart, should be well represented. It was found for the test reaction that the earlier interpolation scheme utilizing the inverse interatomic distance coordinates provided a good description for PES in the interaction region. As we approached the asymptotic regions, however, serious problems began to arise. As the PES was updated with off-IRC local potentials, the energy contour got distorted and even bumps appeared along the IRC. In addition, molecular rotations in the asymptotic regions got hindered as the off-IRC local potentials were added. Namely, the PES constructed by the original scheme was not adequate to describe the asymptotic regions. We attempted various modifications of the original scheme and found that use of the exponential coordinates instead of the inverses resulted in a remarkable improvement in the potential energy contour. Use of the exponential coordinates was inspired by the fact that the Morse function is a fairly good description of an anharmonic potential and becomes a simple second-order polynomial with the use of the exponential coordinate ⌬ ϭexp(Ϫ␤r). The same type of function was adopted by E. Garcia and A. Laganá for a polynomial fit of the ab initio results. 18, 19 In the present work, ␤ for the i-th atom pair, ␤ i , was determined in the asymptotic regions as follows:
Here, k i and D i are the force constant at the diatomic equilibrium distance and the dissociation energy. Figure 1 shows the contour map at the Cl-H-H bending angle of 150°obtained by the LEPS-interpolated PES constructed with the local potentials calculated at 74 points ͑148 local potentials considering the permutation symmetry͒ and expressed with the exponential coordinates. Also shown in the figure is the contour map of the authentic LEPS. The two contour maps are nearly identical not only in the interaction region but also in the asymptotic regions. Equally successful fit was observed at other bending angles also. Such an excellent match leads one to expect nearly identical dynamics results on the authentic LEPS and LEPS-interpolated PES.
Classical trajectory study on these PESs was performed with the initial condition of 20.0 kcal/mol collision energy and rovibrational ground state of the reactant H 2 . A total of 3000 trajectories were calculated. The reaction probability and the averages of the product translational, rotational, and vibrational energies evaluated from the trajectory results are listed in Table I used, inverses or exponentials. As the PES is updated with off-IRC local potentials (Nϭ148), however, the results on the PES expressed with the inverse coordinates get worse. Even though the agreement may improve with the addition of further off-IRC local potentials, the convergence is expected to be slow. With the exponential coordinates on the other hand, the results get better with the addition of data points. For example, the reaction probability on the LEPSinterpolated (Nϭ148) PES is nearly the same as that on the authentic LEPS. Namely, the advantage of using the exponential coordinates is clear in the classical trajectory studies.
We also carried out quantum dynamics studies on the authentic LEPS and the LEPS-interpolated PESs constructed using the exponential coordinates. Figures 2͑a͒ and 2͑b͒ show the collinear exact state-to-state quantum reaction probabilities for the H 2 ͑0͒˜HCl͑0͒ and H 2 ͑0͒˜HCl͑1͒, respectively, at the collision energies up to 14 kcal/mol calculated with the authentic LEPS and LEPS-interpolated (N ϭ40,148) PESs. With IRC-only local potentials (Nϭ40), the LEPS-interpolated PES results in the reaction probabilities which are in qualitative agreement with those from the authentic LEPS. The agreement becomes quantitative, however, when the off-IRC local potentials are added to the data base (Nϭ148). The state-to-state reaction probabilities obtained by the reactive infinite order sudden ͑RIOS͒ 20,21 approximation calculation at the Jacobian angle of 30°are shown in Fig. 3 . The matching coefficient was chosen to be 1.0. Here again, the agreement between the reaction probabilities calculated with the authentic LEPS and LEPSinterpolated (Nϭ148) PESs is quantitative. These show that the PES constructed by the present interpolation scheme is adequate for quantum dynamics studies.
Our final concern is whether the interpolation scheme refined here would be equally successful with the ab initio results. This arises from the fact that the LEPS PES used in this work becomes Morse functions in the asymptotic regions and hence the exponential coordinates can be especially advantageous while the same can not be said for the ab initio potentials. In this regard, we have constructed PES by interpolation of ab initio local potentials calculated on the QCISD/6-31G** level. To judge the quality of PES thus constructed, the potential energy contour was calculated at the same ab initio level. Figure 4 compares the energy contour map calculated by an ab initio-interpolated potential energy function (Nϭ200) at the Cl-H-H bending angle of 150°with the authentic ab initio contour map. The two contour maps are almost indistinguishable just as for the LEPSinterpolated case. An equally successful fit was observed at other bending angles also. Such an excellent fit suggests that the present interpolation scheme allows the construction of an accurate analytic representation of an ab initio PES which can be used for quantum dynamics studies. As a continuation of the present work, a more accurate three-dimensional quantum scattering calculation on the ab initio-interpolated PES is being attempted.
